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Despite strong seasonal responses, soil
microbial consortia are more resilient to
long-term changes in rainfall than
overlying grassland
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Climate change impacts on soil microbial communities could alter the structure of terrestrial
ecosystems and biogeochemical cycles of the Earth. We used 16S rRNA gene microarrays to
evaluate changes in the composition of grassland soil microbial communities under rainfall
amendments simulating alternative climate change scenarios, and to compare these to responses of
overlying plants and invertebrates. Following 5 years of rainfall manipulation, soil bacteria and
archaea in plots where natural rain was supplemented differed little from ambient controls, despite
profound treatment-related changes in the overlying grassland. During the sixth and seventh year,
seasonal differences in bacterial and archaeal assemblages emerged among treatments, but only
when watering exacerbated or alleviated periods of particularly aberrant conditions in the ambient
climate. In contrast to effects on plants and invertebrates, effects on bacteria and archaea did not
compound across seasons or years, indicating that soil microbial communities may be more robust
than associated aboveground macroorganisms to certain alterations in climate.
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Introduction
Scientists have now amassed a large body of
evidence documenting biological responses to recent climate change (Parmesan, 2006; Rosenzweig
et al., 2008). This work has focused primarily on
macrobiota, whereas climate change impacts on
microbial communities remain little understood.
Given the fundamental role of microbial communities in biogeochemical cycling, responses to
changing climate could have repercussions for
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ecosystem structure and feedbacks to the climate
system (Wardle et al., 2004). With relatively short
generation times and rapid growth under favorable
conditions, microbial communities could be among
the fastest components of an ecosystem to respond
to changing environmental conditions (Wolters
et al., 2000; Prosser et al., 2007). On the other hand,
the high functional and genetic diversity, potentially
rapid evolutionary rates and vast dispersal capabilities of microbes may mitigate responses to environmental change (Giller et al., 1997; Finlay and Clarke,
1999; Girvan et al., 2005; Prosser et al., 2007). To
date, the enormous diversity of soil microbial
communities (Rossello-Mora and Amann, 2001;
Torsvik et al., 2002; Gans et al., 2005) has precluded
their comprehensive characterization and limited
our understanding of climatic effects to broad
functional or taxonomic groupings across a community (Fierer et al., 2003; Zak et al., 2003; Waldrop
and Firestone, 2006a, b; Rinnan et al., 2007) or
specific subsets within a community (Horz et al.,

Impact of altered precipitation on soil microorganisms
K Cruz-Martı́nez et al
739

2004, 2005). Here, we use 16S rRNA gene microarrays to profile the composition of soil bacterial–
archaeal communities in detail and to compare the
form and timescale of their ecological response to
rainfall manipulation with that of overlying plant
and invertebrate communities.
Since 2001, 36 plots in a northern California
grassland have been subjected to one of three
precipitation-addition regimes designed to mimic
predictions of alternative climate change models
(National Assessment Synthesis Team, 2000; Suttle
et al., 2007). Previous work has shown that effects of
rainfall amendment on plant and invertebrate communities depend heavily on the timing of the
increase in rainfall (Suttle et al., 2007). Increased
rainfall during the current winter rainy season has
had little discernible effect on aboveground communities. Added spring and summer rainfall that
serves to extend the rainy season, on the other hand,
has produced dramatic changes in the composition
and diversity of grassland plants and invertebrates,
in part because seasonal effects have generated
strong ecological feedbacks that compound across
years (Suttle et al., 2007). Following the fifth year of
rainfall manipulation, we initiated work to determine how these different precipitation regimes and
associated aboveground changes impact underlying
soil bacterial and archaeal communities. Plant and
microbial communities are potentially powerful
mutual drivers in the response of terrestrial ecosystems to global change (Wardle et al., 2004), though
associations between them are not well understood.
With a combined aboveground—belowground, fieldbased approach, we examined the magnitude of
response in each to a shared change in environmental conditions.

Materials and methods
Experimental background and sample collection

The field experiment was conducted at the Angelo
Coast Range Reserve in Mendocino County, California (391440 17.700 N, 1231370 48.400 W). Beginning January 2001, rainfall amendments were imposed over
replicate 70-m2 grassland plots in accordance with
projections from two leading climate change models
(Figures 1a and b) (National Assessment Synthesis

Team, 2000). Treatments included increased winter
rainfall (January–March), increased spring rainfall
(April–June) and a watering control (ambient rainfall). Each water-addition plot receives 14–16 mm of
rainfall over ambient every 3 days for 87 days.
After 5 years of precipitation amendment, we
designated 12 neighboring plots for combined
analysis of aboveground and belowground communities. Across the following 5 years (years 6 and 7 of
rainfall amendment), we sampled plant and microbial composition of these plots early in the rainy
season (December 10), late in the rainy season
(April 1), at peak plant production and diversity
(May 31) and during summer drought (July 1). At
each time point, we collected four separate soil
subsamples per plot. Subsamples consisted of two 2cm-diameter 15-cm-deep soil cores collected inside
predesignated 400-cm2 quadrants arrayed within
each plot (Figure 1c). Immediately before soil
collection, we harvested all aboveground plant
tissues within these quadrants for measurement of
biomass and species composition (see Supplementary materials and methods for details and for
information on invertebrate sampling protocols).
Soil subsamples were combined to obtain measurements of the plot’s soil moisture content, pH and
available nitrate and ammonium (see Supplementary
materials and methods for protocols).

Bacterial–Archaeal community analysis

We extracted DNA from soils within 24 h of
collection from the field. After soil subsamples were
manually homogenized to break down soil aggregates, we extracted DNA from 0.25 g (approximate
dry weight) of each subsample using the Power Soil
DNA kit (MO BIO, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Extracted DNA was
quantified by gel electrophoresis and equal concentrations from each subsample were pooled by plot
for further analysis. Amplification of the bacterial
and archaeal 16S rRNA gene for microarray analysis
and conventional sequencing is described in detail
in Supplementary materials and methods.
For microarray analysis, DNA was biotin labeled
and hybridized to a high-density 16S rRNA gene
microarray. Microarrays consisted of B500 000

Figure 1 The field experiment. (a, b) Artificial rainfall is delivered from sprinklers that distribute water evenly over replicate 70 m2
plots. (c) Soils and plants were collected for analysis from four quadrants per plot at each of four time points over the year, beginning
early in the rainy season (December 10) and continuing into the summer drought (July 1).
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probe sets designed to distinguish among 48700
distinct taxa (detailed information in Supplementary materials and methods and Brodie et al. (2006)).
PhyloChip washing, staining and scanning were
performed as described by Masuda and Church
(2002). PhyloChip data were measured at taxon/
OTU level (similar to 99% sequence homology) but
were summarized to subfamily level (approximately
94% sequence homology) for further analyses to
minimize OTU representation-by-subfamily biases.
A positive fraction of 0.90 (that is, hybridization of
490% of taxon-specific probes) was our threshold
for detection and positive identification of a specific
taxon within a sample (Brodie et al., 2006, 2007).

Data analysis and array validation

Probe hybridization intensities allow for comparisons of taxonomic membership and the relative
abundance of individual taxa among samples. We
used nonmetric multidimensional scaling (Kruskal
and Wish, 1978; Clarke, 1993) to structure highdimensional community composition data along
simple axes expressing overall compositional similarity and dissimilarity among plots (more information in Supplementary materials and methods). We
tested for treatment-based differences in community
composition with multi-response permutation procedures (Mielke, 1984; Mielke and Berry, 2001), and
followed this multivariate analysis with univariate
statistical screening (analysis of variance (ANOVA);
Po0.05) to determine which taxa most strongly
drove these patterns.
We verified the depth of coverage provided by
microarrays by constructing and sequencing 16S
rRNA gene clone libraries for samples collected from
each treatment in December 2005 and May 2006
(from 110 to 284 high-quality clones used for
analysis, Supplementary materials and methods
and Table S1). Only 4% of organisms detected by
cloning were not detected by the microarray (at the
aforementioned 0.90 detection threshold) (Supplementary Table S2), supporting the comprehensiveness of microarray coverage for these communities.

Results and discussion
We tested soils in December 2005 (following the
onset of the rainy season but before the sixth year of
water addition) to evaluate the cumulative impact
on the microbial community of the previous 5 years
of rainfall amendment and aboveground change. We
found that the overall structure of soil bacterial–
archaeal communities was statistically indistinguishable among treatments (Figure 2a), even as
overlying communities of plants and invertebrates
had diverged markedly (Suttle et al., 2007;
Figure 2b). Across the next 2 years, microbial
composition remained statistically indistinguishable among treatments through all but two time
The ISME Journal

points (Figure 2a). Treatment-related differences did
emerge in April 2006 and July 2006, but these
differences did not persist even to the following
sampling date (May 2006 and December 2006,
respectively). In fact, compositional differences
across sampling dates were more pronounced than
differences among treatments at any single sample
point (Figure 3). Under the region’s Mediterraneantype climate, winter rainy seasons that can deliver
more than 200 cm of rainfall in just a few months are
followed by prolonged periods of drought in which
no rain may fall for 6 months or more. Sampling
across this temporal gradient, we found strong
seasonal dynamics in the composition of soil
bacterial–archaeal communities, particularly in
2005–2006, when sampling dates were distinguished by sharp contrasts in climatic conditions
(Supplementary Figure S2).
Treatment-related differences detected in April
and July 2006 were absent in April and July 2007
(Figure 2a), suggesting that the 2006 differences
were not driven solely by experimental watering,
but more likely arose from an interaction between
watering and ambient climatic conditions. Both the
April and July 2006 sample dates followed periods
of aberrant climate at the field site. First, March
2006 was among the wettest Marches on record in
northern coastal California (California Climate
Tracker, http://www.wrcc.dri.edu/monitor/cal-mon/
index.html) (that is, rank seven in a 113-year
record). Against this backdrop of unusually high
ambient precipitation (Supplementary Figure S2),
supplemental watering led to suppressed abundances of many bacterial groups relative to control
plots (Figure 4). The strongest effect was in winteraddition plots, where increased moisture stress
would result directly from water addition throughout the rainy season, but we also saw decreased
abundances of many groups in spring-addition
plots. These differences were attributable, perhaps,
to the thick moss covering that had accumulated in
spring-addition plots (Supplementary Table S3), as
mosses reduce moisture loss from the soil relative to
bare ground or vascular plant cover (Zimov et al.,
1995). Following the end of that rainy season,
drought conditions began abruptly when an unusually hot period over the first several weeks of May
(Supplementary Figure S2) dried surface soils and
killed annual plant species that had only recently
germinated. Over the 8 years of the study, this loss of
spring-germinating plants was observed only in
2006. The hot spell and rapid soil surface drying
appear to have accelerated natural seasonal dynamics in the microbial community, whereas the
addition of water buffered these changes and drove
spring-addition plots apart from the other treatments in both overall composition (Figure 2a) and
individual bacterial abundances (Figure 4).
Variation in the relative abundance of specific
taxa among treatments (Figure 4 and Supplementary
Figure S1) can be difficult to attribute to specific
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Figure 2 Effects of 5 þ years of rainfall amendment on (a) belowground and (b) aboveground communities. Ordinations illustrate
results from nonmetric multidimensional scaling of (a) taxon-by-taxon abundance data across all subfamilies of bacteria and archaea
detected by microarrays at each time point and (b) species-specific production data and family-specific abundance data across all plants
and invertebrates, respectively (Supplementary Table S4). Distances among points express relative dissimilarities in overall community
composition among plots. P-values denote significance levels from statistical testing for differences in community composition among
treatments using multi-response permutation procedures.

Figure 3 Variation in soil bacterial–archaeal community composition with respect to watering treatment (color) and sampling date
(letter). Distances among points express relative dissimilarities in overall community composition among plots and time points. Blue,
winter-addition plots; green, spring-addition plots and black, control plots. D, December 10; A, April 1; M, May 31; J, July 1.

environmental drivers, given the complexity of the
soil system and gaps in our understanding of the
physiology and ecology of most soil microorganisms. Where information exists for specific organisms, however, similar responses by less wellcharacterized groups may provide clues to their
functions and activities in the soil environment. In
July 2006, for example, many Bacteroidetes, beta-

proteobacteria and gammaproteobacteria were favored in spring-addition plots (Figure 3). These
groups generally adopt a more r-selected life-history
strategy, typified by rapid responses to high resource
availabilities (Smit et al., 2001; Fierer et al., 2007).
Such conditions are characteristic of spring-addition plots, where soils remain moist, early-senescing
plant species are actively decomposing and plant
The ISME Journal
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Figure 4 Treatment-based differences in relative abundance of
individual subfamilies, as indicated from univariate screening of
all subfamily-level data (analysis of variance (ANOVA): unadjusted Pp0.05). Each colored vertical bar represents a subfamily
for which abundance in a water-addition treatment (green, spring
addition; blue, winter addition) differed statistically from the
control. Bars extending upward from the dotted red line to ‘4C’
denote greater abundance in a water-addition treatment than in
the control; bars extending downward to ‘oC’ denote lower
abundance than in the control. Subfamilies are grouped at broader
taxonomic levels as follows: (1) Archaea, the Bacterial phyla; (2)
Acidobacteria; (3) Actinobacteria; (4) Bacteroidetes; (5) Cyanobacteria; (6) Firmicutes and (7) Verrucomicrobia, and the
Proteobacteria classes (8) Alphaproteobacteria; (9) Betaproteobacteria; (10) Deltaproteobacteria; (11) Gammaproteobacteria and (12)
other phyla.

species with later phenologies remain active. In
contrast, numerous Actinobacteria were suppressed
in spring-addition plots at this sampling date. Most
Actinobacteria are strict aerobes, generally adopting
a slow-growing, K-selected strategy suited to low
resource availability (Fierer et al., 2007) and found
in lower abundances in wetter soils (Goodfellow
and Williams, 1983; Alekhina et al., 2001).

Conclusions
Global climate change could have important consequences for patterns of species composition and
biodiversity across landscapes, and there is great
concern over how these will impact ecosystem
productivity and function (Loreau, 2001; Tilman
et al., 2001; Chapin et al., 2005). Microbial composition and function are sensitive to variability and
extremes in soil conditions (Stark and Firestone,
1996; Gulledge and Schimel, 1998; Fierer et al.,
2003), and researchers working within global change
experiments have found that environmental perturbations can impact both individual bacterial groups
(Horz et al., 2004, 2005) and aggregate communitylevel properties such as biomass and respiration
(Zak et al., 2000). We detected changes in microbial
abundance and composition in response to climatic
amendment, but sampling repeatedly across seasons
and years found that these responses were short
lived and left little legacy.
The ISME Journal

Microbial communities in Mediterranean-type
grassland soils encounter pronounced fluctuations
in soil moisture content across the year. The
climatic history of these ecosystems would select
for microbial populations that are resilient to highly
variable environmental conditions (Waldrop and
Firestone, 2006a, b). This may explain why responses to imposed shifts in baseline precipitation
regimes were minimal compared to compositional
changes observed across the year (Figure 3). When
treatment effects did emerge following periods of
more extreme conditions, they were short lived
against background dynamics. Predicted increased
frequency of extreme weather events (National
Assessment Synthesis Team, 2000) and changes in
baseline conditions to levels outside the range of
historical climatic regimes may be necessary to
initiate longer-term or compounding changes
in the bacterial and archaeal composition of these
soils.
Results from this experiment indicate a degree of
robustness to climate alteration, in the form of
elevated rainfall, by soil microorganisms not seen
in overlying macroorganisms. Through 7 years of
precipitation amendment, we found much less
change in the composition of soil bacterial and
archaeal communities than in overlying plants and
animals. Most plant and invertebrate taxa in this
grassland complete their life cycles within a single
year, yet experimental manipulation of the timing of
the rainy season generated strong interannual feedbacks that led to dramatic differences in the
composition and diversity of aboveground communities 5 þ years into the experiment (Figure 2b;
Suttle et al., 2007). In contrast, soil bacterial and
archaeal communities remained statistically indistinguishable among treatments after 5 years and
through most of the 2-year sampling period that
followed (Figure 2a). Research has shown that many
characteristics of a plant assemblage—composition
(Hunt et al., 1988; Bardgett et al., 1999; Smalla et al.,
2001; Wieland et al., 2001; Nunan et al., 2003;
Ayres et al., 2006), diversity (Gruter et al., 2006) and
production (Zak et al., 2003)—can affect the microbial composition of underlying soils. Any snapshot
measurement in our experiment might have affirmed this idea for our grassland system as well,
but analyzing across seasons we find a soil community characterized by marked seasonal dynamics
and longer-term decoupling from aboveground
change.
There is speculation that the broad taxonomic
distribution of functional traits within microbial
communities may confer functional robustness to
losses of taxa and changes in composition
(Giller et al., 1997; Wolters et al., 2000; Griffiths
et al., 2001; Wertz et al., 2007). Intriguingly, this
study shows that microbial community composition
itself can be robust both to changing climate and to
associated changes in plant production and species
composition.

Impact of altered precipitation on soil microorganisms
K Cruz-Martı́nez et al
743

Acknowledgements
We thank Kerrie Barry and Erika Lindquist at the Joint
Genome Institute for sequencing the 16S rRNA clone
libraries as part of the Laboratory Science Program (LSP),
Yvette M Piceno, Todd Z DeSantis, Edwin J Rivera, Anna
Rosling, Asmeret A Berhe, Jonathan R Giska and Meredith
Thomsen for assistance in the field and laboratory and
many useful discussions, Peter Steeland and the University of California Natural Reserve System for stewardship and maintenance of the Angelo Coast Range Reserve
as a protected study site, and the NSF Science and
Technology Center National Center for Earth-Surface
Dynamics and the University of California Agricultural
Experimental Station for financial support. The experiment was originally established with funding from the
Environmental Protection Agency’s STAR Fellowship
Program and The Canon National Parks Science Scholarship Program to KBS. Part of this work was performed
under the auspices of the US Department of Energy by the
University of California, Lawrence Berkeley National
Laboratory, under contract DE-AC02-05CH11231.

Data deposition
The sequences reported in this paper have been
deposited in the GenBank database (accession
numbers EF515877 to EF516982).

References
Alekhina LK, Dobrovol’skaya TG, Pochatkova TN,
Zvyagintsev DG. (2001). Evaluation of bacterial diversity in soil microcosms at different moisture contents.
Microbiology 70: 731–737.
Ayres E, Dromph K, Bardgett RD. (2006). Do plant species
encourage soil biota that specialize in the rapid
decomposition of their litter. Soil Biol Biochem 38:
183–186.
Bardgett RD, Kandeler E, Tscherko D, Hobbs PJ, Jones TH,
Thompson LJ. (1999). Belowground microbial community development in a high temperature world.
Oikos 85: 193–203.
Brodie EL, DeSantis TZ, Joyner DC, Baek SM, Larsen JT,
Andersen GL et al. (2006). Application of a high-density
oligonucleotide microarray approach to study bacterial
population dynamics during uranium reduction and
reoxidation. Appl Environ Microbiol 72: 6288–6298.
Brodie EL, DeSantis TZ, Moberg Parker JP, Zubietta IX,
Piceno YM, Andersen GL. (2007). Urban aerosols
harbor diverse and dynamic bacterial populations.
Proc Natl Acad Sci USA 104: 299–304.
California Climate Tracker. http://www.wrcc.dri.edu/
monitor/cal-mon/index.html.
Chapin III FS, Sturm M, Serreze MC, McFadden JP, Key JR,
Lloyd AH et al. (2005). Role of land-surface changes in
arctic summer warming. Science 310: 657–660.
Clarke KR. (1993). Non-parametric multivariate analyses
of changes in community structure. Aust J Ecol 18:
117–143.
Fierer N, Bradford MA, Jackson RB. (2007). Toward an
ecological classification of soil bacteria. Ecology 88:
1354–1364.

Fierer N, Schimel JP, Holden PA. (2003). Influence of
drying-rewetting frequency on soil bacterial community structure. Microb Ecol 45: 63–71.
Finlay BJ, Clarke KJ. (1999). Ubiquitous dispersal of
microbial species. Nature 400: 828.
Gans J, Wolinsky M, Dunbar J. (2005). Computational
improvements reveal great bacterial diversity and high
metal toxicity in soil. Science 309: 1387–1390.
Giller KE, Beare MH, Lavelle P, Izac A-MN, Swift MJ.
(1997). Agricultural intensification, soil biodiversity
and agroecosystem function. Appl Soil Ecol 6: 3–16.
Girvan MS, Campbell CD, Killham K, Prosser JI, Glover
LA. (2005). Bacterial diversity promotes community
stability and functional resilience after perturbation.
Environ Microbiol 7: 301–313.
Goodfellow M, Williams ST. (1983). Ecology of actinomycetes. Ann Rev Microbiol 37: 189–216.
Griffiths BS, Ritz K, Wheatley R, Kuan HL, Boag B,
Christensen S et al. (2001). An examination of the
biodiversity-ecosystem function relationship in arable
soil microbial communities. Soil Biol Biochem 33:
1713–1722.
Gruter D, Schmid B, Brandl H. (2006). Influence of plant
diversity and elevated atmospheric carbon dioxide levels
on belowground bacterial diversity. BMC Microbiol 6: 68.
Gulledge J, Schimel JP. (1998). Moisture control over
atmospheric CH4 consumption and CO2 production in
diverse Alaskan soils. Soil Biol Biochem 30: 1127–1132.
Horz H-P, Barbrook A, Field CB, Bohannan BJM. (2004).
Ammonia-oxidizing bacteria respond to multifactorial
global change. Proc Natl Acad Sci USA 101: 15136–
15141.
Horz H-P, Rich V, Avrahami S, Bohannan BJM. (2005).
Methane-oxidizing bacteria in a California upland
grassland soil: diversity and response to simulated
global change. Appl Environ Microbiol 71: 2642–2652.
Hunt HW, Ingham ER, Coleman DC, Elliott ET, Reid CPP.
(1988). Nitrogen limitation of production and decomposition in prairie, mountain meadow, and pine forest.
Ecology 69: 1009–1016).
Kruskal JB, Wish M. (1978). Multidimensional Scaling.
Sage Publications: Beverly Hills, CA.
Loreau M. (2001). Microbial diversity, producer-decomposer interactions and ecosystem processes: a theoretical model. Proc Biol Sci 268: 303–309.
Masuda N, Church GM. (2002). Escherichia coli gene
expression responsive to levels of the response
regulator EvgA. J Bacteriol 184: 6225–6234.
Mielke Jr PW. (1984). Meteorological applications of
permutation techniques based on distance functions.
In: Krishnaiah PR, Sen PK (eds). Handbook of
Statistics, Vol. 4: Nonparametric Methods. Elsevier
North-Holland: Amsterdam. pp 813–830.
Mielke Jr PW, Berry KJ. (2001). Permutation Methods:
A Distance Function Approach, Springer Series in
Statistics. Springer-Verlag: New York.
National Assessment Synthesis Team (2000). Climate
Change Impacts on the United States: The Potential
Consequences of Climate Variability and Change. US
Global Change research Program: Washington, DC.
Nunan N, Wu KJ, Young IM, Crawford JW, Ritz K. (2003).
Spatial distribution of bacterial communities and their
relationships with the micro-architecture of soil.
FEMS Microbiol Ecol 44: 203–215.
Parmesan C. (2006). Ecological and evolutionary responses to recent climate change. Annu Rev Ecol Evol
Systemat 37: 637–669.
The ISME Journal

Impact of altered precipitation on soil microorganisms
K Cruz-Martı́nez et al
744

Prosser JI, Bohannan BJM, Curtis TP, Ellis RJ, Firestone
MK, Freckleton RP et al. (2007). The role of ecological
theory in microbial ecology. Nat Rev Microbiol 5:
384–392.
Rinnan R, Michelsen A, Baath E, Jonasson S. (2007).
Fifteen years of climate change manipulations alter
soil microbial communities in a subarctic heath
ecosystem. Global Change Biol 13: 28–39.
Rosenzweig C, Karoly D, Vicarelli M, Neofotis P, Wu Q,
Casassa G et al. (2008). Attributing physical and
biological impacts to anthropogenic climate change.
Nature 453: 353–357.
Rossello-Mora R, Amann R. (2001). The species concept
for prokaryotes. FEMS Microbiol Rev 25: 39–67.
Smalla K, Wieland G, Buchner A, Zock A, Parzy J, Kaiser S
et al. (2001). Bulk and rhizosphere soil bacterial
communities studied by denaturing gradient gel
electrophoresis: plant-dependent enrichment and seasonal shifts revealed. Appl Environ Microbiol 67:
4742–4751.
Smit E, Leeflang P, Gommans S, van den Broek J, van Mil
S, Wernars K. (2001). Diversity and seasonal fluctuations of the dominant members of the bacterial soil
community in a wheat field as determined by cultivation and molecular methods. Appl Environ Microbiol
67: 2284–2291.
Stark JM, Firestone MK. (1996). Kinetic characteristics of
ammonium-oxidizer communities in a California oak
woodland-annual grassland. Soil Biol Biochem 28:
1307–1317.
Suttle KB, Thomsen MA, Power ME. (2007). Species
interactions reverse grassland responses to changing
climate. Science 315: 640–642.
Tilman D, Reich PB, Knops J, Wedin D, Mielke T, Lehman
C. (2001). Diversity and productivity in a long-term
grassland experiment. Science 294: 843–845.
Torsvik V, Ovreas L, Thingstad TF. (2002). Prokaryotic
diversity—magnitude, dynamics, and controlling factors. Science 296: 1064–1066.

Waldrop MP, Firestone MK. (2006a). Response of microbial community composition and function to soil
climate change. Microb Ecol 52: 716–724.
Waldrop MP, Firestone MK. (2006b). Seasonal dynamics of
microbial community composition and function in
oak canopy and open grassland soils. Microb Ecol 52:
470–479.
Wardle DA, Bardgett RD, Klironomos JN, Setala H, van der
Putten WH, Wall DH. (2004). Ecological linkages
between aboveground and belowground biota. Science
304: 1629–1633.
Wertz S, Degrange V, Prosser JI, Poly F, Commeaux C,
Guillaumaud N et al. (2007). Decline of soil microbial
diversity does not influence the resistance and
resilience of key soil microbial functional groups
following a model disturbance. Environ Microbiol 9:
2211–2219.
Wieland G, Neumann R, Backhaus H. (2001). Variation of
microbial communities in soil, rhizosphere, and
rhizoplane in response to crop species, soil type, and
crop development. Appl Environ Microbiol 67: 5849–
5854.
Wolters V, Silver WL, Bignell DE, Coleman DC, Lavelle P,
Van der Putten WH et al. (2000). Effects of global
changes on above- and belowground biodiversity in
terrestrial ecosystems: implications for ecosystem
functioning. BioScience 50: 1089–1098.
Zak DR, Holmes WE, White DC, Peacock AD, Tilman D.
(2003). Plant diversity, soil microbial communities,
and ecosystem function: are there any links? Ecology
84: 2042–2050.
Zak DR, Pregitzer KS, King JS, Holmes WE. (2000).
Elevated atmospheric CO2, fine roots and the response
of soil microorganisms: a review and hypothesis. New
Phytol 147: 201–222.
Zimov SA, Chuprynin VI, Oreshko AP, Chapin FSI,
Reynolds JF, Chapin MC. (1995). Steppe-tundra transition: a herbivore-driven biome shift at the end of the
Pleistocene. Am Nat 146: 765–794.

Supplementary Information accompanies the paper on The ISME Journal website (http://www.nature.com/ismej)

The ISME Journal

